Endothelial adhesion molecules in glomerular lesions: Association with their severity and diversity in lupus models  by Nakatani, Kimihiko et al.
Kidney International, Vol. 65 (2004), pp. 1290–1300
Endothelial adhesion molecules in glomerular lesions:
Association with their severity and diversity in lupus models
KIMIHIKO NAKATANI, HIROSHI FUJII, HITOSHI HASEGAWA, MIHO TERADA, NORIMASA ARITA,
MITSUKO R. ITO, MASAO ONO, SATORU TAKAHASHI, KAN SAIGA, SHUHEI YOSHIMOTO,
MASAYUKI IWANO, HIDEO SHIIKI, YOSHIHIKO SAITO, and MASATO NOSE
Department of Pathology and Department of Internal Medicine, Ehime University School of Medicine, Onsen-gun, Ehime, Japan;
Department of Internal Medicine, Nara Medical University, Kashihara, Nara, Japan; Institute of Basic Medical Sciences,
University of Tsukuba, School of Medicine, Tsukuba, Japan; and Institute of Nippon Kayaku, Tokyo, Japan
Endothelial adhesion molecules in glomerular lesions: Associ-
ation with their severity and diversity in lupus models.
Background. To clarify whether vascular endothelial adhe-
sion molecules in glomeruli might contribute to the severity
and diversity of glomerular lesions in lupus nephritis, their ex-
pression in lupus models was analyzed.
Methods. The expression levels of E- and P-selectin and vas-
cular cell adhesion molecule-1 (VCAM-1) in glomeruli of dif-
ferent histopathologic grades of MRL/MpJ-lpr/lpr (MRL/lpr)
lupus mice was studied using laser-capture microdissection of
the glomeruli, followed by reverse transcription-polymerase
chain reaction (RT-PCR) analysis. The glomerular lesions in
SCID mice injected with the 2B11.3 and 7B6.8 clones, which are
derived from an MRL/lpr mouse and induce endocapillary pro-
liferative and wire loop type of glomerular lesions, respectively,
were analyzed. To investigate the effect of a soluble form of
E-selectin (sE-selectin) on the development of glomerular le-
sions, sE-selectin–producing L cells were prepared by transfec-
tion of the cDNA encoding sE-selectin and injected into SCID
mice.
Results. The glomeruli in MRL/lpr mice showed increased
expression of these adhesion molecules, corresponding to the
severity of the glomerular lesions. The endocapillary prolif-
erative type lesions in SCID mice induced by the 2B11.3
clone showed significantly increased expression of the adhe-
sion molecules, especially E-selectin and P-selectin, but the wire
loop type lesion induced by the 7B6.8 clone expressed only
VCAM-1. Formation of the endocapillary proliferative type le-
sions induced by the 2B11.3 clone was markedly prevented in
association with elevation of the serum level of sE-selectin pro-
duced by the tansfected L cells.
Conclusion. The severity and diversity of the histopathology
of lupus nephritis are partially associated with the expression
of vascular endothelial adhesion molecules in glomeruli.
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Lupus nephritis display a wide variety of glomeru-
lar histopathologic manifestations, including almost all
types of histopathology of primary glomerular diseases.
Even in lupus nephritis type IV, there are several vari-
ations of histopathology involving those representative
of endocapillary proliferative and wire loop types [1–3].
However, there are few studies of the mechanisms of
such diversity of the histopathologic manifestations of
glomerular lesions.
MRL/MpJ-lpr/lpr (MRL/lpr) mice spontaneously de-
velop lethal glomerular diseases in association with
an increase in circulating immune complexes, autoanti-
body production, and cytokine abnormalities [4, 5]. The
histopathologic manifestations of the glomerular lesions
in these mice are characterized mainly by endocapil-
lary proliferative, crescentic and/or wire loop–like types,
closely resembling those in human lupus nephritis, es-
pecially type IV. The histopathogenesis of these types
of glomerular lesions in this strain of mice may pos-
sibly be considered to be under the control of multi-
ple factors, including antigen specificities of antibodies,
charge and/or sizes of circulating immune complexs, Ig
isotypes, etc. [6–9]. We previously developed two nephri-
togenic IgG3-producing hybridomas from an unmanipu-
lated MRL/lpr mouse, 2B11.3 and 7B6.8, which induced
two different types of glomerular lesions when injected
into SCID mice; an endocapillary proliferative and a wire
loop–like lesion, respectively [10]. Thus, the histopathol-
ogy of lupus nephritis may depend at least in part on the
clonality of antibodies affecting glomeruli.
On the other hand, leukocyte migration into glomeruli
is a typical feature of glomerulonephritis, and, following
the release of inflammatory mediators, leukocytes are key
effector cells in glomerular injury, especially in immune-
mediated glomerulonephritis [11–13]. The selectin family
of adhesion molecules like E- and P-selectin, and their
carbohydrate-containing ligands such as sialyl-Lewisx
and sialyl-Lewisa, expressed on vascular endothelial cells
1290
Nakatani et al: Endothelial adhesion molecules in lupus models 1291
and circulating leukocytes, respectively, mediate the ini-
tial step in their interaction, so-called rolling [14]. More-
over, there is extensive evidence for the important roles
of leukocyte integrins and their endothelial ligands,
the Ig superfamily, in glomerular leukocyte recruitment
in immune-mediated glomerulonephritis [15–17]. These
mechanisms may also be critical for the histogenesis of
glomerular lesions in lupus nephritis.
In this study, we examined the expression of vascular
endothelial adhesion molecules in relation to the sever-
ity and diversity of glomerular lesions in MRL/lpr lu-
pus mice. Laser-capture microdissection (LCM) coupled
with reverse transcription-polymerase chain reaction
(RT-PCR) is a powerful tool for measuring particular
mRNAs expressed in situ [18, 19]. Thus, we examined
the intraglomerular expression of vascular endothelial
adhesion molecule mRNAs in MRL/lpr mice, and then
in SCID mice with two types of glomerular lesions, en-
docapillary proliferative and wire loop, induced by the
2B11.3 and 7B6.8 clones, respectively. Finally, to examine
the role of a candidate adhesion molecule, E-selectin, on
the generation of the endocapillary proliferative type of
glomerular lesions, we established a new system for over-
producing a soluble form of E-selectin (sE-selectin) in
vivo by transplanting L cells, which produce sE-selectin.
We will present evidence that indicates that the sever-
ity and diversity of glomerular histopathology of lupus
nephritis are partially associated with the expression lev-
els of vascular endothelial adhesion molecules in situ, es-
pecially E- and P-selectin.
METHODS
Mice
MRL/lpr mice were originally purchased from The
Jackson Laboratory (Bar Harbor, ME, USA) and C.B-17/
Inc-scid/scid (SCID) mice from Japan Clea, Ltd. (Tokyo,
Japan). All mice were housed under conditions free of
specific pathogens in the Department of Biological Re-
sources, Integrated Center for Sciences (INCS), Ehime
University and partly in the Animal Research Institute
of Nara Medical University.
Hybridoma clones
IgG3 antibody-producing hybridoma clones, 2B11.3,
7B6.8, and 1G3, derived from an unmanipulated MRL/lpr
mouse [10], were used in this study. When injected into
SCID mice, the 2B11.3 and 7B6.8 clones induce endo-
capillary proliferative and wire loop types of glomerular
lesions, respectively. The IgG3 clone does not induce any
glomerular injury [10].
Each hybridoma clone (1 × 107 cells) was injected in-
traperitoneally into SCID mice. In our previous study,
SCID mice, which were injected with either the 2B11.3
or 7B6.8 clone, developed glomerular lesions significantly
after 15 to 25 days [10]. Therefore, 15 to 25 days after the
injection, serum samples were collected from the mice
under ether anesthesia, and kidneys, heart, lungs, liver,
pancreas, and salivary glands were removed for
histopathologic examinations.
Histopathologic and immunohistologic examinations
Tissue samples were fixed with 10% formalin in
0.01 mol/L phosphate buffer, pH 7.2, and embedded in
paraffin. They were stained with hematoxylin and eosin
(H&E) or periodic acid-Schiff (PAS) for histologic ex-
amination by light microscopy. The severity of lesions in
each glomerulus in MRL/lpr mice was estimated by grad-
ing from 0 to 3 as shown in Figure 1. Grade 0 is normal,
grade 1 has limited segmental mesangial proliferation,
grade 2 has endocapillary proliferation with segmental
wire loop and/or hyaline thrombotic lesions, and grade 3
has dominant sclerosing and/or hyalinosis of the lesions
in grade 2. The glomerular lesions of SCID mice injected
with the 2B11.3 clone were graded from 0 to 3, based
on the severity of inflammatory cell infiltration: grade 0,
normal; grade 1, mild to moderate; grade 2, moderate
to severe (representative grade 2 lesions are shown in
Fig. 3A).
For immunostaining, pieces of kidneys were frozen in
22-oxacalcitriol (OCT) compound (Miles Inc., Elkhart,
IN, USA). Frozen sections of kidneys were reacted with
2B11.3, 7B6.8, or 1G3 culture supernatant and then with
fluorescein isothiocyanate (FITC) antimouse IgG3 an-
tibody (Binding Site, Birmingham, UK). Staining for
E- and P-selectin was performed using biotinylated rat
antimurine E-selectin monoclonal antibodies (Pharmin-
gen, San Diego, CA, USA) and rabbit anti-P-selectin
polyclonal antibodies (Pharmingen), followed by bi-
otinylated rat antirabbit Ig antibodies (Dako, Glostrup,
Denmark). The reactions were visualized with FITC-
labeled streptavidin. For staining IgG3, FITC-conjugated
rabbit antimouse IgG3 antibodies (ICN ImmnoBiolog-
icals, Lisle, IL, USA) were used. Macrophages were
stained with rat antimouse F4/80 antibodies (OBM,
Tokyo, Japan), followed by biotinylated rabbit antirat im-
munoglobulins antibodies (Dako) for visualizing using an
avidin-biotin complex immunoperoxidase technique.
Amounts of IgG3, albumin, and blood urea nitrogen
(BUN) in serum
To quantify IgG3 in sera of the SCID mice injected with
the hybridoma clones, single radial immunodiffusion was
performed with a method described elsewhere [20], using
mouse IgG subclass standards (Miles Laboratories, Inc.,
Naperville, IL, USA). Serum levels of albumin and BUN
were determined with a bromo-cresol green and urease
indophenol methods, respectively, using a Fuji Drichem
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A B
DC Fig. 1. Representative histopathology of
glomerular lesions in MRL/lpr mice [periodic
acid-Schiff (PAS)] (500×). (A) Grade 0,
normal glomerular lesion. (B) Grade 1, char-
acterized by widening mesangial stalk, with
an increase in cells and mesangial matrices.
(C) Grade 2, characterized by increases in
mesangial cells and matrices and by the
infiltration of polymorphonuclear leukocytes,
lymphocytes, and monocytes, accompanied
by segmental wire loop–like lesions. (D)
Grade 3, characterized by sclerosing lesions
in addition to the manifestations of grade 2.
3500 V (Fujifilm, Tokyo, Japan). The amounts of serum
albumin and BUN in untreated mice were 3.1 to 3.4 g/dL
and 21 to 29 mg/dL, respectively.
Tissue sampling by LCM
Kidney specimens were immediately frozen in OCT
compound, and 10 lm thick cryostat sections were pre-
pared and mounted onto a 1.35 lm thin polyethylene
membrane (P.A.L.M., Wolfratshausen, Germany). The
sections were immediately fixed for 10 minutes with
70% ethanol and then stained rapidly with 0.1% methyl
green for 30 seconds. After washing for 10 seconds in
diethylpyrocarbonate (DEPC)-treated water, they were
dehydrated with an ethanol gradient, washed in acetone,
and air dried with a fan for 10 minutes.
LCM was done to collect small regions from a spec-
imen cut by a laser beam using a Robot-Microbeam
(P.A.L.M.) and an inverted microscope (Carl Zeiss,
Oberkochem, Germany). In brief, the specimen was set
on a computer-controlled microscope stage and observed
under a charged-coupling device (CCD) camera from
the upper side. By displaying the image, the targeted
glomeruli were selected easily using the computer mouse.
After tracing around each glomerulus, it was dissected
together with the thin membrane by a laser microbeam
through the objective lens to the underside of the spec-
imen, and then catapulted into a microcentrifuge cap
(0.6 mL), which was held by the micromanipulator, with a
single and precisely aimed laser shot. We dissected more
than 100 glomeruli in each mouse and pooled them for
RNA extraction.
RNA extraction and RT
Total RNA was extracted from the samples collected by
LCM using TRIzol reagent (Life Technologies, Rockville,
MD, USA) according to the manufacturer’s procedure.
First-strand cDNA was made from total RNA using
the SuperScript preamplification system (Life Technolo-
gies) with random hexamers. For semiquantitive PCR,
1 lL of each first-strand reaction was amplified with
primers specific for E-selectin, P-selectin, vascular cell
adhesion molecule-1 (VCAM-1), intercellular adhesion
molecule-1 (ICAM-1) and hypoxanthine phosphoribo-
syltransferase (HPRT) (Table 1).
Plasmid vectors containing the sE-selectin gene
and cell transfection
To construct cDNA encoding sE-selectin, a stop codon
was introduced just before the transmembrane region of
E-selectin cDNA by means of the PCR. The PCR prod-
ucts were digested with XhoI and were inserted into the
multiple cloning site of the parental plasmid, pCAGGS, as
described by Niwa, Yamamura, and Miyazaki [21]. Plas-
mid DNA vectors were grown in Escherichia coli HB101
(Takara, Tokyo, Japan) and were purified using a Qiagen
Plasmid Purification Kit (Qiagen, Hilden, Germany). The
quantity and quality of the purified plasmid DNA were
assessed from optical densities at 260 and 280 nm. The in-
sertion sites of the plasmid DNAs were confirmed using
restriction enzymes and DNA sequencing.
The construct and pCAGGS without inserts were
transfected into mouse L cells, using Lipofectin (Gibco
BRL, Gaithersburg, MD, USA). Stable cell lines were
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Table 1. Sequences of oligonucleotide primers
Product RT-PCR
Oligonucleotide sequence size bp cycles
Mouse E-selectin 271 32
5′ sense GATTGGACACTCAA
TGGATC
3′ antisense CCTAGACGTTGT
AAGAAGGC
Mouse P-selectin 303 32
5′ sense GTGCAGAGCGGTC
AAATGC
3′ antisense CTGAGAGCTTTCTT
AGCAGAGC
Mouse VCAM-1 612 28
5′ sense GTGAACCTGACCT
GCTCAAG
3′ antisense CTCCACCAGACTGT
ACGATC
Mouse ICAM-1
5′ sense GCCTCCGGACTTT
CGATCTT
3′ antisense GTAGACTGTTAAGG 302 30
TCCTCTGCGTC
Mouse HPRT 249 30
5′ sense GCTGGTGAAAAGG
ACCTCT
3′ antisense CACAGGACTAGAA
CACCTGC
Abbreviations are: RT-PCR, reverse transcription-polymerase chain reaction;
VCAM-1, vascular cell adhesion molecule-1; ICAM-1, intercellular adhesion
molecule-1; HPRT, hypoxanthine phosphoribosyltransferase.
selected for 2 weeks in the presence of 1 mg/mL of G418
(Gibco BRL) and maintained with 200 lg/mL. The pres-
ence of sE-selectin in the culture supernatants of the
transfected cells was confirmed by Western blotting and
enzyme-linked immunosorbent assay (ELISA).
Injections of the transfected cells and hybridomas
Transfected cells (1 × 107 cells) were injected subcuta-
neously into SCID mice. Fifteen days after the injection,
a hybridoma clone (1 × 107 cells) was injected intraperi-
toneally. On the indicated days after the first injection,
serum samples were collected from the mice under ether
anesthesia, and kidneys, heart, lungs, liver, pancreas,
and salivary glands were removed for histopathologic
examinations.
Measurement of sE-selectin by Western blotting
and ELISA
Culture supernatants of the transfected L cells and
mouse sera were subjected to 12.5% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
in 1 mm slab gels. The separated forms were trans-
ferred from the gel to a nitrocellulose sheet using a Mini-
Trans-Blot Electroblotting Unit (Bio-Rad, Hercules, CA,
USA). Chicken antimurine E-selectin polyclonal anti-
body (1:100) (Genzyme, Cambridge, MA, USA) was
used as the primary antibody and horseradish perox-
ide (HRP)-conjugated antichicken immunoglobulin an-
tibody (1:1000) (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA) was the secondary antibody. The blots
were visualized with enhanced chemiluminescence (ECL
Plus/ECL Western Blotting Detection System) (Amer-
sham Biosciences, Piscataway, NJ, USA), according to
the manufacturer’s procedure.
The levels of sE-selectin in the culture supernatants
and mouse sera were determined by ELISA. Plates were
coated with chicken antimurine E-selectin polyclonal an-
tibody (Genzyme), and 1:10 diluted samples were added,
followed by biotinylated rat antimurine E-selectin mono-
clonal antibody (Pharmingen) and alkaline phosphatase
(ALP)-labeled streptavidin. Results were expressed rel-
ative to 1:100 dilutions of the culture supernatants of
sE-selectin–producing L cells.
Statistical analysis
Results were expressed as mean ± SD. Analysis of vari-
ance (ANOVA) was used to determine the level of differ-
ence between groups. Pairs of groups were compared by
unpaired two-tailed Student t test. P values <0.05 were
considered significant.
RESULTS
Expression of adhesion molecules in glomeruli
of MRL/lpr mice
Histologically, glomerular lesions in MRL/lpr mice
manifested regular variations according to their progres-
sion (Fig. 1). These were initiated by Ig deposition in
the subendothelial, subepithelial, and mesangial regions
as observed by immunohistochemistry and electron mi-
croscopy (data not shown), and were followed by seg-
mental mesangial proliferation (corresponding to grade
1, see Methods section). Then, the severity increased
to form endocapillary proliferative lesions, characteristic
of severe inflammatory cell infiltration, causing lobular
structures of glomeruli, associated with the segmental le-
sions with wire loop and/or hyaline thrombus formation
(grade 2). Finally, sclerosis and/or hyalinosis of glomeruli
became dominant (grade 3). To investigate the relation-
ship between the histopathology of the glomerular lesions
and the expression of E-selectin, P-selectin, and VCAM-1
in stitu, glomeruli corresponding to each grade were col-
lected by LCM for semiquantitative RT-PCR assays. As
shown in Figure 2, compared with grade 0 and grade
1 glomeruli, grade 2 glomeruli had remarkably higher
expression of all these adhesion molecules (P < 0.005).
However, in severe glomerular lesions corresponding to
grade 3, the expression of E-selectin and P-selectin, but
not VCAM-1, was significantly decreased, compared with
those in grade 2 (P < 0.05).
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Fig. 2. Reverse transcription-polymerase
chain reaction (RT-PCR) analyses of E-
selectin, P-selectin, and vascular cell adhesion
molecule-1 (VCAM-1) in glomeruli of MRL/
lpr mice. (A) Five micrograms of total RNA
from glomeruli were subjected to RT-PCR
with specific primer sets (see Table 1) for
mouse E-selectin, P-selectin, VCAM-1, and
hypoxanthine long line phosphoribosyltrans-
ferase (HPRT). M.W. indicates the DNA
length markers. Ratios of the densities of
each band of E-selectin (B), P-selectin (C),
and VCAM-1 (D) to that of HPRT on the
same gel. Columns represent the means ±
SD of each value from different experiments.
Grade 0, N = 7; grade 1, N = 7; grade 2, N
= 7; and grade 3, N = 5. ∗P < 0.005; ∗∗P <
0.001.
Expression of adhesion molecules in two types
of glomerular lesions induced by monoclonal antibodies
In SCID mice, the glomerular lesions induced by the
2B11.3 and 7B6.8 clones, were endocapilary prolifera-
tive and wire loop types, respectively, 15 to 25 days after
the injection (Fig. 3A and B), as reported previously [10].
The 1G3 clone, used as control IgG3 antibodies, did not
induce significant glomerular lesions (data not shown)
although there were no significant differences in serum
IgG3 levels among the three groups (2B11.3/7B6.8/1G3,
1.647 ± 0.261/1.622 ± 0.248/1.930 ± 0.205 mg/mL). To-
gether, the two types of lesions represented the complex
histopathology of grade 2 glomerular lesions in MRL/lpr
mice, characterized by endocapillary proliferative lesions,
segmentally associated with wire loop and hyaline throm-
botic lesions. These antibodies did not react with any
glomerular components or other tissues in untreated
SCID mice (data not shown).
Serum levels of BUN were remarkably high in the mice
injected with the 2B11.3 or 7B6.8 clone (N = 5, 110.3 ±
34.5 mg/dL; N = 4, 89.5 ± 39.8 mg/dL, respectively)
but not in those with 1G3 clone showing normal level
(N = 4, 23.4 ± 3.7 mg/L) (P < 0.05, each). Moreover, there
was remarkable difference in hypoalbuminemia between
the mice injected with the 2B11.3 or 7B6.8 clone (N = 5,
1.1 ± 0.1 g/dL; N = 4, 1.1 ± 0.2 g/dL, respectively)
and those with the 1G3 clone (N = 4, 2.3 ± 0.4 g/dL)
(P < 0.01, each). However, between the mice injected
with the 2B11.3 or 7B6.8 clone, there were no significant
differences in serum levels of BUN and albumin (P >
0.45 and P > 0.59, respectively).
Figure 4 shows the results of RT-PCR for the adhe-
sion molecules in glomeruli of SCID mice injected with
each of the three hybridoma clones. In the glomerular
lesions induced by 2B11.3, the expression of the adhe-
sion molecules was increased significantly, compared with
those induced by the 7B6.8 and 1G3 clones (P < 0.001
and P < 005, respectively). Interestingly, the glomeru-
lar lesions induced by 7B6.8 showed increased expres-
sion of VCAM-1 (P = 0.0055), but not of E-selectin and
P-selectin, compared with those induced by 1G3. Similar
results were observed in the expression of ICAM-1 (data
not shown).
Immunohistologic studies of the glomerular lesions in-
duced by 2B11.3 showed that E- and P-selectin were
strongly expressed, compared with those induced by
7B6.8 (Fig. 3C to F), which was compatible with the
RT-PCR results.
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Fig. 3. Representative histopathology of
glomerular lesions in SCID mice [periodic
acid-Schiff (PAS)] (500×). (A) Lesions
induced by the 2B11.3 clone, character-
ized by extreme cell proliferation with
an accumulation of macrophage-like and
polymorhonuclear cells. (B) Lesions induced
by the 7B6.8 clone, characterized by hyaline
deposits along the capillary wall and partially
hyaline thrombi in the capillary lumen. Im-
munofluorescence staining of the glomerular
lesions with anti-E-selectin antibodies (C and
D) and anti-P-selectin antibodies (E and F).
(C and E) Lesions induced by the 2B11.3
clone. (D and F) Lesions induced by the
7B6.8 clone.
To investigate whether the increased expression of
E- and P-selectin is a cause or a result of inflammatory cell
infiltration into glomeruli, we did studies on sE-selectin,
which might competitively inhibit the development of
glomerular lesions in SCID mice injected with the 2B11.3
clone.
Overproduction of sE-selectin in SCID mice
L cells with the inserted vectors (see Methods section)
produced sE-selectin significantly as observed by West-
ern blotting analysis of culture supernatants (Fig. 5A).
When L cells were injected into SCID mice, the
sE-selectin–producing L cells, but not control L cells, in-
creased the level of sE-selectin in serum progressively on
days 7, 14, and 40 after the injection as detected by West-
ern blotting and ELISA (Fig. 5). The mean serum levels
of sE-selectin 40 days after the injection of sE-selectin–
producing L cells was 1913.7 ± 590.4 in ratio, but in the
mice injected with control L cells it was 24.4 ± 10.3 (P <
0.001).
Effect of sE-selectin on glomerular lesions in SCID mice
Infiltration of inflammatory cells into the glomeruli of
SCID mice injected with the 2B11.3 clone seemed to
be significantly less severe in the mice beforehand in-
jected with sE-selectin–producing L cells than in those
injected with control L cells (Fig. 6A to D). We counted
the number of macrophages accumulated in glomeruli
using immunohistochemical analysis, in which more than
20 glomeruli were randomly selected in both groups of
mice (N = 10, each). There was a significant reduction in
the number of macrophages in the mice injected with sE-
selectin–producing L cells, as with control mice (15.85 ±
1.52 vs. 25.36 ± 2.86, P < 0.001).
The glomerular deposition of IgG3 in the mice injected
with sE-selectin–producing L cells seemed significant as
it did in those injected with control L cells although the
former had loop-type and the latter granular-type lesions
(Fig. 6E and F), possibly corresponding to the phagocy-
tized IgG3 in the infiltrated scavenger cells. E-selectin
expression in glomeruli was observed in both groups.
However, expression in the mice injected with control
1296 Nakatani et al: Endothelial adhesion molecules in lupus models
M.
W.
2B
11
.3
7B
6.8
1G
3
2B
11
.3
7B
6.8 1G
3
E-selectin
P-selectin
VCAM-1
HPRT
A
0
0.9
1.8
Ex
pr
es
sio
n 
ra
tio
 o
f E
-s
el
ec
tin
/H
PR
T 
m
R
N
A 
in
 g
lo
m
er
ul
i
B
2B
11
.3
7B
6.8 1G
30
0.9
1.8
Ex
pr
es
sio
n 
ra
tio
 o
f P
-s
el
ec
tin
/H
PR
T 
m
R
N
A 
in
 g
lo
m
er
ul
i
C
2B
11
.3
7B
6.8 1G
3
0
0.6
1.2
Ex
pr
es
sio
n 
ra
tio
 o
f V
CA
M
-1
/H
PR
T 
m
R
N
A 
in
 g
lo
m
er
ul
i
D
*
*
**
**
Fig. 4. Reverse transcription-polymerase
chain reaction (RT-PCR) analyses of
E-selectin, P-selectin, and vascular cell
adhesion molecule-1 (VCAM-1) in glomeruli
of SCID mice injected with IgG3 producing
hybridomas. (A) Five micrograms of total
RNA from glomeruli were subjected to
RT-PCR with specific primer sets (see Table
1) for mouse E-selectin, P-selectin, VCAM-1,
and hypoxanthine phosphoribosyltransferase
(HPRT). M.W. indicates DNA length
markers. Ratios of the densities of each
band of E-selectin (B), P-selectin (C), and
VCAM-1 (D) to that of HPRT on the same
gel. Columns represent the means ± SD
of each value from different experiments.
2B11.3, N = 10; 7B6.8, N = 8; and 1G3, N =
8. ∗P < 0.005; ∗∗P < 0.001.
L cells seemed greater (Fig. 6G and H). In addition, ex-
cept for glomeruli there was no immunofluorescent stain-
ing of IgG3 or E-selectin in kidney, lung, or liver.
To determine the histopathologic grade of the glomeru-
lar lesions 25 days after the injection with the 2B11.3
clone, the glomerular index of each mouse was estimated
as described in the Methods section. The mean index of
glomerular lesions in the mice injected with sE-selectin–
producing L cells was 0.65 ± 0.27, while that in the con-
trol mice was 1.60 ± 0.15 (P < 0.001) (Fig. 7A), but the
serum levels of IgG3 were not different (Fig. 7B). Thus,
the injected L cells had no effect on the growth or anti-
body production of the 2B11.3 hybridoma cells. In the
former group, serum levels of BUN were significantly
higher than those in the latter group (Fig. 7C). More-
over, hypoalbuminemia was remarkably inhibited in the
mice beforehand injected with sE-selectin–producing
L cells (Fig. 7D).
Figure 8 shows the results of RT-PCR for the adhesion
molecules in glomeruli of the two groups of mice. Signif-
icant inhibition of adhesion molecules, not only E- and
P-selectin but also VCAM-1 and ICAM-1, was observed
in the former group.
DISCUSSION
In this study, we established two critical techniques for
investigating the role of vascular endothelial adhesion
molecules in the histogenesis of glomerular lesions in
lupus nephritis models; LCM of the affected glomeruli
and overproduction of sE-selectin in vivo by implanting
sE-selectin–producing L cells.
We succeeded in isolating glomeruli by means of
LCM and then semiquantifying the expression of ad-
hesion molecule mRNAs. This technique allows for a
rapid one-step isolation of selected glomeruli of specific
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Fig. 5. Western blot analysis (A) and enzyme-linked immunosorbent assay (ELISA) (B) of soluble E-selectin (sE-selectin) in the L cell culture
supernatant and the sera of SCID mice injected with the L cells. (A) Lane 1, culture supernatant of the L cells transfected with the sE-selectin
vector; lane 2, culture supernatant of the L cells transfected with the control vector; lanes 3 to 5, sera of the SCID mice 7, 14, and 40 days after
injection of L cells transfected with the sE-selectin vector, respectively; and lane 6; sera of the SCID mice 40 days after injection of control L cells.
(B) Serum levels of sE-selectin in SCID mice bearing the L cells transfected with the sE-selectin vector or the control vector. The former had
significantly increased sE-selectin in the days after the injection.
histopathologic grades. Taking advantage of LCM,
we demonstrated that there was an increase in the
expression of E-selectin, P-selectin, and VCAM-1
mRNAs in glomeruli during the development of glomeru-
lar lesions in MRL/lpr mice. A drastic change of the ex-
pression of these adhesion molecule mRNAs occurred
going from grade 1 to grade 2, segmental mesangial
proliferation to endocapillary proliferation, respectively.
A previous study reported that ICAM-1 and VCAM-
1 expression was up-regulated dramatically in the kid-
neys of MRL/lpr mice, particularly on proximal tubules
and in glomeruli, but the level of E- and P-selectin ex-
pression was unclear [22, 23]. Moreover, we found that
the expression of E- and P-selectin, but not VCAM-1,
in glomeruli was down-regulated in advanced glomeru-
lar lesions in MRL/lpr mice. Thus, E- and P-selectin
seemed to contribute to the initiation of glomerular
lesions.
Our results showed that the expression of vascular en-
dothelial adhesion molecules in glomeruli was associated
with the severity of glomerular lesions in MRL/lpr mice.
However, the pathogenetic relationship between the ad-
hesion molecules and the histogenesis of glomerular le-
sions in MRL/lpr mice was still obscure. Therefore, we
tried to clarify this point using a simplified lupus nephtritis
model, in which glomerular lesions are induced by mon-
oclonal antibodies derived from an MRL/lpr mouse. In
SCID mice injected with the IgG3-producing hybridoma
clones derived from an MRL/lpr lupus mouse, we found
that in endocapillary proliferative-type glomerular le-
sions the expression of these adhesion molecule mRNAs
was markedly elevated, but in wire loop–type glomeru-
lar lesions only VCAM-1 was increased. This may mean
that the histopathologic variation of glomerular lesions in
MRL/lpr mice may be restricted by the expanded B-cell
clones producing antibodies with different pathogenic
potencies with respect to the induction of adhesion
molecules in situ.
E-selectin is a cytokine-inducible receptor on endothe-
lial cells [24]. P-selectin, originally described in platelets,
is also expressed by endothelial cells. E- and P-selectin
bind to ligands with a modified carbohydrate moiety such
as sialyl-Lewisx and sialyl-Lewisa, expressed on leuko-
cytes [25]. The core protein of the ligand for P-selectin is
PSGL-1 [26]. In addition to ESL-1, E-selectin also binds
PSGL-1, but less avidly than P-selectin. The leukocytes
in E-selectin–deficient mice have an increased rolling ve-
locity in cremaster venules after tumor necrosis factor-a
(TNF-a) treatment [27], and a decrease in the firmness
of their adhesion to endothelial cells [28, 29]. Although
several inflammatory responses in E-selectin–deficient
mice are almost unchanged, treatment with blocking an-
tibodies for P-selectin significantly reduces inflamma-
tion in these mice compared with wild-type mice [30].
These results suggest that blocking both E-selectin and
P-selectin is required for reducing inflammation. Con-
sidering together that E-selectin binds to both E- and
P-selectin ligands of sialyl-Lewisx and syalyl-Lewisa [25],
we hypothesized that sE-selectin would have a protective
effect competitively on the E- and P-selectin–mediated
extravasation of inflammatory cells to glomeruli in lupus
nephritis models.
1298 Nakatani et al: Endothelial adhesion molecules in lupus models
A B
DC
E F
HG
Fig. 6. Representative histopathology of
glomerular lesions in SCID mice bearing the
soluble E-selectin (sE-selectin)–producing L
cells (A, C, E, and G) and control L cells (B,
D, F, and H), 25 days after the injection of
the 2B11.3 clone. Periodic acid-Schiff (PAS)
staining (100×) (A and B), 400× (C and D),
immunofluoresent staining with anti-IgG3
(E and F), and anti-E-selectin (G and H).
To examine this possibility we developed a novel sys-
tem to overproduce sE-selectin in the circulation by trans-
planting sE-selectin–producing L cells into SCID mice.
We found that sE-selectin protected against the devel-
opment of glomerular endocapillary proliferative lesions
induced by the 2B11.3 clone. We had investigated previ-
ously whether aberrant expression of the sE-selectin gene
inhibits the formation of endocapillary proliferative le-
sions in glomeruli by using transgenic mice [MRL/Mp ×
BALB/c-TgH (sE-selectin)] F1, injected with the 2B11.3
clone [31]. With that system, several points remained un-
clear although the results were similar to those in this
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Fig. 7. Comparative studies of SCID mice bearing the soluble E-
selectin (sE-selectin)–producing L cells or control L cells 25 days after
injection of the 2B11.3 clone. (A) Index of glomerular lesions. Mean in-
dex of the mice with sE-selectin was significantly lower than that of the
control mice. (B) Serum IgG3 levels detected by SRID. There was no
significant difference between the groups. Serum levels of blood urea
nitrogen (BUN) (C) and albumin (D). Significant differences were ob-
served between two groups in both experiments. SRID, single radial
immunodiffusion.
study. The first was that the transgene, which is expressed
from an embryonic stage, might affect the maturation of
host immune system through the modified migration and
distribution of T and B cells as recently reported in [32,
33]. Second, serum Igs in the F1 mice injected with the
2B11.3 clone might have interacted with 2B11.3 antibod-
ies. The system presented here resolved these problems
0
1.5
3.0
Ex
pr
es
sio
n 
ra
tio
 o
f a
dh
es
io
n 
m
ol
ec
ul
es
/
H
PR
T 
m
R
N
A 
in
 g
lo
m
er
ul
i
E-selectin
P-selectin
VCAM-1
ICAM-1
*
*
**
*
Fig. 8. Reverse transcription-polymerase chain reaction (RT-PCR)
analyses of E-selectin, P-selectin, vascular cell adhesion molecule-
1 (VCAM-1), and intercellular adhesion molecule-1 (ICAM-1) in
glomeruli of SCID mice bearing the soluble E-selectin (sE-selectin)-
producing L cells () or control L cells () 25 days after injection of the
2B11.3 clone. Columns represent the means ± SD of each value from
different experiments (N = 4, each). ∗P < 0.05 (E-selectin, P = 0.01);
(P-selectin, P = 0.006); (ICAM-1, P = 0.02); ∗∗P = 0.0001.
since we obtained high production of sE-selectin tran-
siently from L cells in the circulation in SCID mice, which
completely lack T and B cells but have a normal granu-
lomonocyte system. Such a system using transfected L
cells with agonistic or antagonistic cDNA will be more
useful than transgenic mice to investigate whether some
molecules are critical for the onset and/or progression of
diseases. We are now developing sE-selectin–producing
cells, which are transplantable into MRL/lpr mice to in-
vestigate whether sE-selectin by itself can inhibit the pro-
gression from grade 1 to grade 2 in MRL/lpr mice.
Inhibition of the endocapillary proliferative glomeru-
lar lesions in SCID mice by sE-selectin indicates that
sE-selectin protected against leukocyte infiltration into
glomeruli as the initial event induced by 2B11.3 antibod-
ies, possibly by competition with E- and P-selectin ex-
pressed on them. In fact, we recently found that 2B11.3,
but not 7B6.8 antibodies, induced E- and P-selectin
expression by endothelial cells cultured in vitro. This
may suggest that 2B11.3 antibodies primarily induce the
expression of E- and P-selectin also on glomerular en-
dothelial cells in vivo, resulting in the accumulation of cir-
culating leukocytes in glomeruli. Inflammatory cytokines
released from the infiltrated leukocytes in situ may induce
the second stage of expression of E-selectin to acceler-
ate leukocyte accumulation, followed by the induction
of VCAM-1 and ICAM-1 expression, as shown in
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Figure 6G and H and Figure 8. Further studies, using a
mutant nonfunctional sE-selectin, are needed to clar-
ify the specific interaction of sE-selectin with E- and
P-selectin on glomerular endothelial cells in relation to
leukocyte adhesion.
CONCLUSION
The expression of vascular endothelial adhesion
molecules in glomeruli is associated with the histopathol-
ogy of glomerular lesions in MRL/lpr mice, and E- and
P-selectin seems to be critical for controlling their severity
and diversity. sE-selectin may be useful as a therapeutic
agent for leukocyte-mediated glomerular injury in lupus
nephritis.
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